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Structure–activity relationshipHost defense antimicrobial peptides are key components of human innate immunity that plays an indispensible
role in human health.While there are multiple copies of cathelicidin genes in horses, cattle, pigs, and sheep, only
one cathelicidin gene is found in humans. Interestingly, this single cathelicidin gene can be processed into differ-
ent forms of antimicrobial peptides. LL-37, the most commonly studied form, is not only antimicrobial but also
possesses other functional roles such as chemotaxis, apoptosis, wound healing, immunemodulation, and cancer
metastasis. This article reviews recent advances made in structural and biophysical studies of human LL-37 and
its fragments, which serve as a basis to understand their antibacterial, anti-bioﬁlm and antiviral activities. High-
quality structures were made possible by using improved 2D NMRmethods for peptide fragments and 3D NMR
spectroscopy for intact LL-37. The two hydrophobic domains in the long amphipathic helix (residues 2–31) of LL-
37 separated by a hydrophilic residue serine 9 explain its cooperative binding to bacterial lipopolysaccharides
(LPS). Both aromatic rings (F5, F6, F17, and F27) and interfacial basic amino acids of LL-37 directly interact
with anionic phosphatidylglycerols (PG). Although the peptide sequences reported in the literature vary slightly,
there is a consensus that the central helix of LL-37 is essential for disrupting superbugs (e.g., MRSA), bacterial
bioﬁlms, and viruses such as human immunodeﬁciency virus 1 (HIV-1) and respiratory syncytial virus (RSV).
In the central helix, the central arginine R23 is of particular importance in binding to bacterial membranes or
DNA.Mapping the functional roles of the cationic amino acids of themajor antimicrobial region of LL-37 provides
a basis for designing antimicrobial peptideswith desired properties. This article is part of a Special Issue entitled:
Interfacially Active Peptides and Proteins. Guest Editors: William C. Wimley and Kalina Hristova.
© 2014 Elsevier B.V. All rights reserved.Contents1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2161
2. NMR studies of human LL-37 yielded atomic pictures for understanding its interactions with bacterial membranes . . . . . . . . . . . . . . . 2161
2.1. Bacterial membranes and membrane models for structural studies by NMR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2161
2.2. Three-dimensional structure of human LL-37 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2163
2.3. Structural basis of bacterial membrane binding of human LL-37 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2163
2.4. Direct NMR evidence for peptide–membrane interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2163
2.5. Structures of LL-37 fragments determined by the improved 2D NMR method . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2163
3. Structural insight into antibacterial and antiviral activities of LL-37 peptides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2165
3.1. Antibacterial and anti-bioﬁlm activities of LL-37 peptides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2166
3.2. Antiviral activities of LL-37 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2166
4. Biophysical insight into membrane permeation, disruption and lipid domain formation by the major antimicrobial region of human LL-37 . . . . 2167
4.1. Membrane permeation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2167
4.2. Membrane disruption: carpet or pore formation? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2167
4.3. Membrane domain formation induced by LL-37 fragments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2168
4.4. New insights into the membrane perturbation potential model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2168
5. Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2169ally Active Peptides and Proteins. Guest Editors: William C. Wimley and Kalina Hristova.
1 402 559 4077.
ights reserved.
2161G. Wang et al. / Biochimica et Biophysica Acta 1838 (2014) 2160–2172Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2169
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2170Fig. 1. The processing pathways (A) andmultiple functions (B) of human cathelicidin pep-
tides. In human sweat, LL-37 can be processed into shorter peptides such as KR-20, LL-23,
and KS-30 [35]. It is unclear whether ALL-38 can be processed in a similar manner in the
human reproductive system [34].1. Introduction
Antimicrobial peptides are host defense molecules of the innate
immunity of all life forms and have remained potent for millions of
years [1–4]. Interest in antimicrobial peptides has been on the rise
since the discoveries of cecropins from silk moths by Hans Boman,
magainins from African frogs by Michael Zasloff, and α-defensins
from human blood by Robert Lehrer in the 1980s [5–7]. According
to the antimicrobial peptide database (APD), over 2000 such pep-
tides have been characterized from a variety of biological sources,
ranging from bacteria, protozoa, fungi, and plants, to animals [8,9].
Antimicrobial peptides collected in the APD (http://aps.unmc.edu/AP)
are usually small (on average 32 amino acids), cationic (average net
charge +3.2) and contain on average 40% hydrophobic amino acids.
Such sequences are ideal for recognizing and neutralizing anionic
microbes. Therefore, there is a strong desire to develop antimicrobial
peptides into a new generation of therapies to meet the growing an-
tibiotic resistance problem.
One of the best studied antimicrobial peptides is human cathelicidin
LL-37, a 37-residue cationic peptide starting with a pair of leucines
[10–15]. Although the ﬁrst cathelicidin was identiﬁed in 1988 [16],
a cathelicidin-related therapeutic practice could be traced to over
100 years ago. Niels Finsen won Nobel Prize in 1903 for his light
therapy to treat tuberculosis. This therapy is now linked to LL-37.
Light can induce the synthesis of dihydroxylated form of vitamin D,
which binds to the receptor to induce the expression of human
cathelicidin gene [17,18]. The processed antimicrobial peptide LL-37
might have been responsible for the pathogen killing. Modern scientiﬁc
results further underscore the signiﬁcance of antimicrobial peptides to
human health. The lack of human LL-37 can cause the disease ofmorbus
Kostmann [19]. In acute and chronic lesions from patients with atopic
dermatitis, the expression of LL-37 as well as human beta defensin 2
(hBD-2) is suppressed [20]. In vitro antimicrobial assays demonstrated
antimicrobial activity of LL-37 against various pathogenic microbes,
including superbugs, HIV-1, inﬂuenza virus A, fungi, and parasites
[21–27]. LL-37 may be an important cancer marker and its fragments
may be developed into new anticancer agents [28]. These facts
explain the increased literature related to human cathelicidin LL-37
[29].
Human hCAP-18/LL-37 was ﬁrst discovered in 1995 by three lab-
oratories [30–32]. In this article, hCAP-18 represents the precursor
protein (i.e., human cationic protein of 18 kDa), while human
cathelicidin is reserved for the mature peptide (e.g. LL-37) that ex-
erts the antimicrobial action. The mature cathelicidin antimicrobial
peptides from different biological sources vary in amino acid, activi-
ty, and 3D structure. However, the precursor proteins share a highly
conserved “cathelin” domain. Cathelicidins have been found not only
in mammals but also in birds, amphibians, and ﬁsh. While many an-
imals contain multiple genes encoding different cathelicidins,
humans, rats, and mice have only one cathelicidin gene [10]. The sin-
gle human cathelicidin gene, however, can generate different forms
of cathelicidin peptides (Fig. 1A). In neutrophils, the precursor pro-
tein hCAP-18 is cleaved by proteinase to release LL-37 [33]. In the
human reproductive system, hCAP-18 in the sperm is processed
into ALL-38 within the vagina by gastricsin [34]. Compared to LL-
37, ALL-38 contains one additional alanine at the N-terminus.
These two forms of peptides have comparable antimicrobial activi-
ties. In human skin, other proteases can process human cathelicidin
into smaller fragments, whichmay or may not have antimicrobial ac-
tivity [35]. The various fragments of LL-37 further expand the human
defense arsenal. In addition to antimicrobial activity, human LL-37possesses many other functions such as chemotaxis, immune modu-
lation, and wound healing (Fig. 1B) [10–15].
This reviewdiscusses the advances in structural determination of LL-
37 and its important fragments. The high-quality structures of LL-37 and
its fragments set the stage for us to explainwhy certain LL-37 fragments
have stronger antimicrobial activities than others. In particular, the cen-
tral portion of LL-37 is now recognized as the key antibacterial, anti-
bioﬁlm and antiviral region. Remarkably, this portion corresponds to
the central helix in the 3D structure of LL-37 determined by 3D NMR
spectroscopy. Our systematic studies of the impact of alanine scanning
of cationic amino acids of the major antimicrobial region of LL-37 on
membrane permeation, disruption, and lipid clustering provide insight
into its mechanism of action.
2. NMR studies of human LL-37 yielded atomic pictures for
understanding its interactions with bacterial membranes
2.1. Bacterial membranes and membrane models for structural studies by
NMR
Biological membranes are complex and may contain multiple
layers with various molecules such as membrane proteins, carbohy-
drates, and lipids [36–38]. The membranes of different bacteria also
differ. The membrane compositions for a select set of bacteria are
listed in Table 1. A cartoon view of the surface of Gram-positive and
Gram-negative bacteria is given in Fig. 2. While Gram-positive bacteria
possess a cell wall outside the membrane, Gram-negative bacteria con-
tain an outer membrane. Furthermore, even Gram-negative bacteria
can have different membrane compositions (Table 1). In addition,
some resistant bacterial strains have developed mechanisms to modify
their membrane surface properties in order to compromise the effect of
cationic antimicrobial peptides [39,40]. However, there are also
common features. For example, bacterial membranes are characterized
by a large negative potential due to the dominance of anionic lipids such
Table 1
Lipid compositions of selected bacteria [101].
Bacterial species CL (% total lipid) PG (% total lipid) PE (% total lipid)
Gram-negative bacteria
Escherichia coli 5 15 80
Escherichia cloacae 3 21 74
Yersinia kristensenii 20 20 60
Proteus mirabilis 5 10 80
Klebsiella pneumoniae 6 5 82
Pseudomonas aeruginosa 11 21 60
Gram-positive bacteria
Staphylococcus aureus 42 58 0
Streptococcus pneumonia 50 50 0
Bacillus cereus 17 40 43
Bacillus polymyxa 8 3 60
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tial constitutes themajor driving force for cationic peptides to recognize
the anionic bacterial surface.Fig. 2. A cartoon view of themembranes of (A) Gram-negative bacteria and (B) Gram-positive b
membrane rich in LPS and the inner membrane rich in anionic PG. Gram-positive bacteria haveWhile there are direct observations of peptide effects on bacteria
by selected biophysical techniques [43,44], many studies were per-
formed in membrane model systems. These include lipid bilayers,
bicelles, and micelles [45,46]. Lipid bilayers are useful to establish
peptide orientation by solid-state NMR spectroscopy. Bicelles are a
membrane model between lipid bilayers and micelles. They can be
used for both liquid and solid-state NMR studies depending on the
size. However, for solution NMR studies, smaller micelles are preferred
because rapid tumbling of such membrane-mimetic systems leads to
high-resolution NMR spectra required for structural determination
[47]. Sodium dodecylsulfate (SDS) and dodecylphosphocholine (DPC)
are two commonly used micelles [45–50]. DPC has a lipid head group
identical to phospholipids predominantly found in human cells, where-
as SDS with an anionic head group mimics this aspect of bacterial
membranes.
Because the major anionic lipids in bacterial membranes are PG,
there is a desire to use a more relevant lipid. Based on a comparative
study of a series of short-chain phosphatidylglycerols, theWang labora-
tory selected dioctanoyl phosphatidylglycerol (D8PG) as a newbacterialacteria. Themembranes of Gram-negative bacteria are composed of two layers: the outer
a cell wall consisting of lipoteichoic acid and peptidoglycan and a cytoplasmic membrane.
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multiple advantages. First, it has the same lipid head group as the
major anionic lipid in bacterial membranes and should be biological-
ly more relevant than SDS. Second, it appears to be slightly larger
than the SDS micelle, making the surface less curved [56]. Third, a
better NMR spectral dispersion has been observed in D8PG than in
SDS for several peptides. The better spectral dispersion of the pep-
tides in D8PG may be ascribed to the lipid head group. For example,
the arginine side chain amide signals of LL-37 fragments are resolved
in D8PG but not in SDS or DPC [57], opening a useful window for de-
tection of peptide–lipid contact details via intermolecular NOESY ex-
periments [58]. Fourth, subtle differences in helix formation of
single-residue mutants are observed in D8PG but not in SDS [59].
As a consequence, D8PG is a unique bacterial membrane mimetic
model that enabled us to determine the 3D structure and membrane
surface location of an LL-37 peptide by using one sample and one ex-
periment [54].
2.2. Three-dimensional structure of human LL-37
Typical evidence for membrane targeting of LL-37 is that peptides
synthesized using all D-amino acids display similar antibacterial ac-
tivity to the native LL-37 consisting of L-amino acids [60]. This jus-
tiﬁes the structural determination in membranes. We chose anionic
SDS micelles as a bacterial membrane mimetic for NMR studies be-
cause the sample can be stable for a sufﬁcient time required to record
a variety of NMR spectra. The ﬁrst attempt to solve the 3D structure
of LL-37 in the Wang laboratory was made in 2004. It was found
that 2D 1H NMR did not offer enough spectral resolution for LL-37
in complex with SDSmicelles [61]. Further efforts were then devoted
to the expression and production of isotope-labeled peptides [62],
which enabled structural determination of LL-37 by 3D NMR spec-
troscopy [56]. In a 3D NMR spectrum [63], the NMR peaks initially
crowded on one 2D spectrum were separated onto several dozen
2D planes along the third 15N or 13C dimension. The power of this
3D NMR method can be analogously understood because a book
would become illegible had all the pages been printed onto a single
page! Therefore, every effort was taken to optimize spectral resolution.
The 3D structure of human LL-37 bound to SDS micelles is presented in
Fig. 3A. This LL-37 structure possesses a long amphipathic helix (resi-
dues 2–31) followed by a disordered tail (residues 32–37) [56]. In the
absence of peptide dynamic information, a ﬂexible polypeptide region
may be generated due to a limited number of NMR restraints or due
to peptide dynamics [64,65]. The order-disordered structural pattern
of LL-37 was validated by an independent measurement of the peptide
15N backbone dynamics, which indicates that residues 2–31 are indeed
rigid and only the C-terminal tail is mobile.
We should mention that the structure of LL-37 bound to DPC was
also determined by using the traditional 2D 1H NMR spectroscopy
[66]. A helix-break-helix motif between residues 4–34 was found with
both terminal residues ﬂexible. Such a structural pattern found in DPC
[66] differs from the ordered-disordered structural pattern determined
in SDS micelles [56]. Importantly, only the LL-37 structure (Fig. 3A) de-
termined in SDSmicelles can be applied to the LPS and PG-bound states
(below).
2.3. Structural basis of bacterial membrane binding of human LL-37
There is a strong desire to follow the action of antimicrobial peptides
on bacteria. Transmission electron microscopy (TEM) can be used to
view the effect of antimicrobial peptides on bacteria and some cell
envelope damages or disruption have been observed [59]. On the
other side of the coin, one can also follow the conformational states
of the peptide spectroscopically. Before the peptide reaches the bac-
teria, circular dichroism (CD) studies showed that LL-37 did not have
a deﬁned structure (i.e. random coiled state) and became helical atneutral pH or in complexwithmembranes [67]. Using NMR spectros-
copy, it is possible to precisely map the interactions of LL-37 with the
major components of the bacterial outer and inner membranes [56].
This was accomplished using an isotope-labeled LL-37 [62]. Consistent
with CD, the peptide is indeed disordered in water at pH 3.6. At pH 7,
the peptide forms a tetramer [67,68] involving residues 1–36 [68].
Lipopolysaccharides (LPS) are a major component of the Gram-
negative bacterial outer membrane (Fig. 2A). In complex with LPS, res-
idues 1–31 of LL-37 are involved in binding, but not the C-terminal tail
[56]. In the LL-37 structure, a hydrophilic S9 segregates the hydrophobic
surface of the long helix into two domains (Fig. 4A). This two-domain
structure explains the cooperative binding of LL-37 to LPS [69]. S9 ap-
pears to play a unique role in modulating peptide activity since a muta-
tion of S9 to either A9 or V9 reduces the antibacterial activity of LL-37
against E. coli [55].
The establishment of the D8PG model also enabled us to determine
the 3D structure of LL-37 bound to PG, which mimic the Gram-
negative bacterial inner membrane (Fig. 2A). All the NMR data indi-
cate that LL-37 bound to D8PG adopts the same structure as deter-
mined in SDS micelles [56]. It appears that the lipid head group or
number of lipid acyl chains did not affect the structure in the case
of LL-37. Hence, the ordered-disordered structure of LL-37 bound
to SDS can be extended to the cases of both LPS and PG-bound states.
This structure (Fig. 3A) forms the basis for understanding the inter-
actions of LL-37 with bacterial membranes.
2.4. Direct NMR evidence for peptide–membrane interactions
In many cases, if not all, NMR studies focus on either the peptide
portion (e.g. a full structural determination) or the membrane por-
tion [50]. While solution NMR was applied to determine the struc-
ture of frog antimicrobial and anticancer peptide aurein 1.2, solid-
state 31P NMR was used to probe lipid vesicle structures [70–74].
Likewise using solid-state NMR, a single amino acid labeled peptide
was used to determine the orientation of LL-37 on the lipid bilayer
[74], whereas the natural 31P probe was utilized to gauge lipid struc-
ture and motions [74,75]. However, a direct observation of the inter-
actions between antimicrobial peptides and membranes is rare. We
utilized solution NMR spectroscopy to provide direct evidence for
the binding of the long amphipathic helix of LL-37 (Fig. 3A) to mem-
branes [56]. Human LL-37 is a unique molecule with four aromatic
phenylalanines, which are outstanding probes for peptide binding
[51,54,70]. As an advantage of the use of protonated D8PG, we
were able to observe the direct dipole–dipole interactions between
the protons of peptide aromatic phenylalanines and the D8PG lipid.
The four aromatic rings (F5, F6, F17, and F27) of LL-37 are well posi-
tioned along the peptide chain (Fig. 4B green). Thus, both helical do-
mains in the long helix of the peptide are indeed involved in
membrane binding. In addition, the same intermolecular NOESY
spectrum of LL-37 in complex with D8PG also indicates direct inter-
actions of arginines with PG.
2.5. Structures of LL-37 fragments determined by the improved 2D NMR
method
Then, are all the arginines equally important or some more im-
portant than others? To facilitate our observation, we chose to use
the major antimicrobial region of human LL-37 [21]. This major anti-
microbial binding region was identiﬁed by NMR as illustrated in
Fig. 3. Initially, LL-37 was cut into two halves: LL-12 (i.e. residues
1–12) and IG-25 (i.e. residues 13–37). While LL-12 has a very short
helix at the N-terminus (Fig. 3B), a well-deﬁned helical structure
(residues 17–31) was observed in the central region of IG-25
bound to SDS (Fig. 3C) [61]. By trimming the C-terminal disordered
region of IG-25, we obtained a 20 residue peptide. In addition, we
swapped the positions between I13 and G14 since many natural
Fig. 3. Ribbon diagrams of the three-dimensional structures of human LL-37 and its fragments bound to membrane-mimetic micelles. (A) An ensemble of 5 structures of LL-37 is shown.
The structured region of LL-37 superimposeswell but not the disordered C-terminal tail. Also presented are NMR structures of LL-12 (B), IG-25 (C), GI-20 (D), GF-17 (E), and KR-12 (F). For
clarity, only the side chains of GF-17 and KR-12 are shown and labeled. The structures of LL-37 (PDB entry: 2K6O), LL-12 (PDB entry: 2FBU), IG-25 (PDB entry: 2FCG), and GF-17 (PDB
entry: 2L5M) were determined in the presence of SDS micelles [21,56,61], while the structures of GI-20 and KR-12 were determined in complex with D8PG [56,57]. In several cases in-
cluding LL-37 itself, we found a similar structure for the peptide in SDS and D8PG [56]. Note the conformational changes at the C-terminus of LL-12 (B) and at the N-terminus of IG-25
(C) compared to the conformation of intact LL-37 (A).
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20, is entirely helical (Fig. 3D) in complex with D8PG or DPC micelles
[54,57]. By trimming off both the disordered C-terminus and the less
structured N-terminus of IG-25, we obtained a 16-residue segment.
Again to better mimic natural antimicrobial peptides, a glycine was
inserted at the N-terminus. This peptide, GF-17, is referred to asthe major antimicrobial region of LL-37 [21]. GF-17 is entirely helical
in the presence of SDS micelles (Fig. 3E).
In the structures of both GF-17 and GI-20, including the smallest an-
tibacterial peptide KR-12 (Fig. 3F), R23 is located between the hydro-
phobic and hydrophilic interface (i.e., interfacial region). This location
can also be seen in the LL-37 structure, where only R23 is adjacent to
Fig. 4. The central helix stands out in the high-quality 3D structure of human LL-37 as the key antimicrobial region. (A)While the C-terminal tail does not participate inmembrane binding,
S9 splits the membrane-targeting hydrophobic surface (gold) of the long amphipathic helix (residues 2–31) into two domains: an N-terminal short helix and a long central helix. Such a
structure explains the cooperative binding of LL-37 to LPS [69]. It also indicates that the central helix is the key antimicrobial region of LL-37, which is responsible for antibacterial, anti-
bioﬁlm, and antiviral activities discussed in this article. (B) Identiﬁcation of important side chains of LL-37 directly involved inmembrane interactions by NMR. All of the four hydrophobic
aromatic rings of F5, F6, F17, and F27 (green), as well as cationic R23 (stick), interactwith phosphatidylglycerols. In this view, only the side chain of R23 is close to the hydrophobic surface
(gold). It is thus an important interfacial basic side chain required for membrane interactions or binding to other anionic components such as DNA.
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were detected by solution NMR only for R23, but not for R19 or R29 in
the NOESY spectra [54]. This R23 is essential for bacterial targeting be-
cause an alanine substitution reduced the antibacterial activity of GF-
17 against Gram-negative Escherichia coli [21]. This agreement between
biological and structural data underscored the importance of the inter-
facial arginine R23 (see also Fig. 4B).
In summary, our NMR structural studies led to (1) a high-quality 3D
structure for intact LL-37, which uses residues 2–31 to interact with
both LPS and PG [56]; (2) 3D structures for LL-12, KR-12, GF-17, GI-20,
IG-25 (Fig. 3) [21,57,61], and LL-23 [55]; and (3) successful observation
of direct interactions between arginines and PG as well as between aro-
matic phenylalanines and PG [54,56]. Structures of these LL-37 frag-
ments were determined by using improved 2D NMR methods. In this
improved method, additional NMR experiments are performed to en-
able the measurements of 13C and 15N chemical shifts at natural abun-
dance (i.e. without isotope labeling). Such heteronuclear chemical
shifts, not available in the traditional 2D proton NMR spectra recordedusing unlabeled peptides, are utilized for structural reﬁnement [70].
This method enables a more accurate deﬁnition of the structured re-
gions of the peptides, especially under the situations when the NOE re-
straints are insufﬁcient. The importance of this improved method has
been highlighted in a recent review article [64]. In certain cases, this
method can avoid the publication of misleading structure or dynamics.
Hence, these high-quality 3D structures and atomic details for
peptide–PG interactions laid a solid basis for us to discuss the struc-
ture–activity relationships of human LL-37 below.
3. Structural insight into antibacterial and antiviral activities of
LL-37 peptides
Since 1995, the antibacterial activities of human LL-37 have been eval-
uatedusingmultiple bacterial strains, including some resistant superbugs.
It is noticed that antibacterial activity data can vary for the same bacteri-
um. For example, LL-37 is active against Staphylococcus aureus ATCC
29213 [76], but is poorly active against methicillin-resistant S. aureus
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against MRSA at a low salt concentration [77]. It seems that assay proto-
cols, bacterial strains (including the mechanism of resistance), and assay
conditions (e.g. pH,media, salts, serum) allmatter in antimicrobial assays.
Because of these variables, the goal of this section is to review antimicro-
bial activity data of LL-37 and its related fragments obtained by the same
lab, using the same method, conditions and bacterial strains. Under such
conditions, we may attribute the activity difference to peptide sequences
and, whenever possible, explain peptide potency based on high-quality
3D structures of LL-37 and its fragments (Fig. 3).
3.1. Antibacterial and anti-bioﬁlm activities of LL-37 peptides
Johansson et al. ﬁrst compared LL-37 with N-terminally truncated
fragments [67]. LL-37 is active against E. coli D21 with a MIC of 5 μM.
In 5mMNa2SO4, LL-37 is more active than FF-33 and SK-29 (sequences
in Table 2). However, FF-33 is as potent as LL-37 in medium E. It seems
that the very N-terminal four residues LLGD are dispensable in medium
E. Subsequently, Shai and colleagues showed that LL-37 and FF-33 were
equally potent in permeating membranes. Interestingly, the LL-37
oligomers were maintained in vesicles with a phosphocholine head
group, but dissociated in PG-containing membranes, indicating that
LL-37 works as a monomer [78]. Hence, the monomeric 3D structure
of LL-37 determined in the presence of anionic D8PG or SDSwell rep-
resents the active form. In this structure (Fig. 4B), the aromatic rings
of F5 and F6 stack on each other as a result of aromatic–aromatic
interactions. We propose herein that this F5/F6 aromatic–aromatic
interaction may also play a role in LL-37 oligomerization, where a
group of aromatic rings can cluster. This requires at least two copies
of the LL-37molecule in a parallel position in the tetramer. This spec-
ulation explains why further removal of F5F6 from the LL-37 se-
quence reduced the propensity of SK-29 in forming oligomers. Braff
et al. found that N-terminal fragments such as RK-31 and KS-30
(Table 2) became more potent than LL-37 against Gram-positive,
Gram-negative bacteria and Candida albicans [79]. Ciornei et al. also
showed that removal of 2 or 6 residues from the N-terminal region
of LL-37 had little effect on peptide activity [80]. Others found that
both LL-31 and LL-32 exhibited a stronger killing effect than LL-37
[81,82]. All of these results suggest that the N-terminal short helix
of LL-37 (Fig. 4A) is less important for antibacterial activity.
Several studies pointed at the importance of the central region for
antimicrobial activity of LL-37. Sieprawska-Lupa et al. [83] identiﬁed
FK-21 (Table 2), a C-terminal fragment of LL-37 derived from a protease
degradation reaction. FK-21 displayed comparable minimal bactericidal
concentrations (MBC) to LL-37 in killing E. coli, B. subtilis, P. aeruginosa,
and E. faecalis. Nell et al. [84] scanned the LL-37 sequence with a win-
dow size of 22mer. Based on a comparison of a library of overlappingTable 2
Selected sequences of LL-37 and its fragments.
Name Amino acid sequence Ref.
LL-37 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES [33]
FF-33 FFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES [67]
LL-32 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLV [82]
LL-31 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNL [81]
RK-31 RKSKEKIGKEFKRIVQRIKDFLRNLVPRTES [35]
KS-30 KSKEKIGKEFKRIVQRIKDFLRNLVPRTES [35]
SK-29 SKEKIGKEFKRIVQRIKDFLRNLVPRTES [67]
IG-25 IGKEFKRIVQRIKDFLRNLVPRTES [61]
IG-24 IGKEFKRIVQRIKDFLRNLVPRTE [84]
LL-23 LLGDFFRKSKEKIGKEFKRIVQR [35]
KI-22 KIGKEFKRIVQRIKDFLRNLVP [96]
FK-21 FKRIVQRIKDFLRNLVPRTES [83]
GKE-21 GKEFKRIVQRIKDFLRNLVPR [85]
KR-20 KRIVQRIKDFLRNLVPRTES [35]
IG-19 IGKEFKRIVQRIKDFLRNL [81]
LL-12 LLGDFFRKSKEK [61]LL-37 peptides, they identiﬁed IG-24 (Table 2), a central fragment of
LL-37, as the most promising segment in terms of antimicrobial and
anti-LPS activity. Using an in silico approach, Sigurdardottir et al. identi-
ﬁed a central fragment GKE-21 (Table 2), which is as potent as LL-37 in
killing bacteria [85]. Based on the NMR technology dubbed TOCSY-trim,
Wang was able to accurately map the major antimicrobial region of LL-
37 to residues 17–32 [61]. The same region is also implicated in the
structure of IG-25 when both ﬂexible tails are cleaved (Fig. 3C). A
resulting synthetic peptide GF-17 (Table 3) is highly potent against
both E. coli and community-associatedMRSAUSA300 LAC [21]. Interest-
ingly, this major antimicrobial segment (residues 17–32) discovered by
NMR is contained within FK-21, IG-24, or GKE-21, explaining the anti-
microbial potency of these fragments.
Also using a series of synthetic peptides, IG-19 (Table 2) was found
to be the shortest fragment of LL-37 that exhibited antibacterial activity
against Burkholderia thailandensis E264 [81]. The same peptide was also
identiﬁed as the best immunemodulatingpeptide in another study [86].
This IG-19 fragment is very similar to GI-20 (Table 3), which displays an
optimal therapeutic index against HIV-1 [22]. These observations make
sense, since GI-20, or a similar fragment IG-19, corresponds to the cen-
tral helix of LL-37 (Fig. 4A).
Antimicrobial activity assays are usually conducted using planktonic
bacteria cultivated under laboratory conditions (e.g., rich media,
240 rpm, and 37 °C). This does not necessarily reﬂect commensal con-
ditions or the microbial infectious states. In particular, bacteria fre-
quently exist in bioﬁlms, where many bacteria work together to
create a tower-like structure. Such a bacterial community is more
difﬁcult to eradicate. The loss of potency of many traditional antibiotics
demands more potent antimicrobials and antimicrobial peptides are
potential candidates [1–4]. Recently, Nagant et al. compared anti-
bioﬁlm activity of LL-37 with its fragments against P. aeruginosa PAO1
[87]. They found that the N-terminally or C-terminally truncated frag-
ments RK-31 and LL-31 (Table 2) were most potent. The central frag-
ment RK-25 (residues 7–31) displayed both strong antimicrobial and
anti-bioﬁlm activity. The authors proposed that this fragment is the
minimal sequence required for anti-bioﬁlm activity. Feng et al. [88]
evaluated antimicrobial and anti-bioﬁlm activities of LL-37 and frag-
ments against A. baumannii. The antimicrobial potency is in the
following order: KS-30 N LL-37 N KR-20 N KR-12. While all these
peptides can inhibit bioﬁlm formation, only KS-30 was able to dis-
rupt pre-formed bioﬁlms. It is evident that both RK-25 (Table 3)
and KS-30 (Table 2) peptides contain the central helix of LL-37
(Fig. 4A), explaining their anti-bioﬁlm potency.
3.2. Antiviral activities of LL-37
There is also high interest in identifying antiviral peptides. Some an-
timicrobial peptides are known to have antiviral effects. In the APD da-
tabase [8,9], 138 entries are annotated to possess antiviral activity as of
October 2013. Human LL-37, but not a scrambled sequence, is potent
against viruses [89]. For example, human cathelicidin could inhibit
orthopox virus (vaccinia) replication both in vitro and in vivo [90]. LL-
37 is potent against inﬂuenza virus A as well [89], probably by directly
disrupting the viral membranes rather than via viral aggregation [91].
Crack et al. found a reduced viral load of varicella zoster virus (VZV) in
infected keratinocytes and B cells due to the LL-37 expression [92].
In several cases, antiviral effects of both intact LL-37 and select
fragments were tested. LL-37 was shown to inhibit HIV-1 replication
in peripheral blood mononuclear cells (PBMC) [23,93]. Subsequently,
Wang et al. evaluated anti-HIV activity of a panel of LL-37 fragments,
and a central fragment, GI-20 (Table 3), showed the highest potency
as well as therapeutic index. F17, helicity, and sequence order of LL-37
peptides are all important for inhibiting HIV-1 replication [22], consis-
tent with its binding to the HIV-1 reverse transcriptase [94]. Currie
et al. [95] found that LL-37 is inhibitory to respiratory syncytial virus
(RSV) in vitro and early treatment (2 h after infection) is essential.
Table 3
Useful LL-37 templates for peptide design.
Peptide Amino acid sequence LL-37 region Activity Refs
KR-12 KRIVQRIKDFLR
(Minimal antibacterial region)
18–29 Anti-E. coli [56]
FK-13 FKRIVQRIKDFLR
(The LL-37 core peptide)
17–29 Minimal anti-HIV peptide [61]
GF-17 FKRIVQRIKDFLRNLV
(Major antimicrobial region, core)
17–32 Antibacterial (e.g.MRSA); anticancer [21,61]
GI-20 GIKEFKRIVQRIKDFLRNLV
(The central fragment)
13–32 Antiviral; immune modulationa [22,54,86]
RK-25 RKSKEKIGKEFKRIVQRIKDFLRNL 7–31 Anti-bioﬁlm [87]
a A similar sequence IG-19 was reported for immune modulation [86].
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residues 12–33 (KI-22, Table 2), while both the N-terminal (residues
1–22) and C-terminal fragments (residues 17–37) were ineffective.
These results all suggest the critical role of the central fragment in
inhibiting the infection of viruses such asHIV-1 and RSV (see the central
helix in Fig. 4A).
Antimicrobial peptides can usually work on viral envelopes. In
this case, the LL-37 structure determined in membranes (Fig. 3A)
can be useful to understand antiviral effects as well. However,
there are also cases where antimicrobial peptides interact with a
protein target. Human LL-37 appears to target HIV-1 reverse tran-
scriptase [94]. It seems that the central region of LL-37 is sufﬁcient
for the inhibition of most of the viruses mentioned above. This cen-
tral helix stands out in the 3D structure of LL-37—the N-terminal
helix is separated from the central helix by a hydrophilic serine at
position 9, while the very C-terminal tail is disordered and not re-
quired for membrane targeting (Fig. 4A). We propose that the helical
structure of this central peptide (corresponding to GI-20) could be
important for shutting down the viral machinery. This helical seg-
mentmay also be expected to promote positivemembrane curvature
that would inhibit viral fusion [96]. In particular, HIV-1 viral proteins
gp41 and gp120 can induce the formation of lipid rafts rich in choles-
terol and sphingolipids that facilitate the viral fusion with host mem-
branes. The interactions of LL-37 with such lipids could inhibit viral
fusion [97]. Indeed, fusion of a peptide with such lipids enhances an-
tiviral activity against enveloped viruses such as HIV-1 [98,99]. It
should be pointed out that certain antimicrobial peptides such as
human alpha-defensin HD-5 can directly neutralize non-enveloped
viruses, including human adenoviruses, papillomaviruses, and
polyomaviruses. For this action, select arginines and hydrophobic
residues of the peptide are essential [100]. Since the central fragment
of LL-37 has an important role in inhibiting various viruses, it consti-
tutes an excellent template for developing antiviral therapies
(Table 3), especially in cases where vaccines are not available or in-
effective. Because of the signiﬁcance of this central fragment of LL-
37, further efforts were devoted to the understanding of the mecha-
nism of action as well as functional roles of the cationic amino acids
using GF-17 as a model (below).
4. Biophysical insight into membrane permeation, disruption and
lipid domain formation by the major antimicrobial region of
human LL-37
4.1. Membrane permeation
As shown in Fig. 2A, Gram-negative bacteria possess two layers of
membranes: an outer membrane, containing LPS in the outer mono-
layer, and an inner membrane rich in PG. The total phospholipid
composition of both membranes is shown in Table 1 (see also [101]).
In general the membranes of Gram-negative bacteria are rich in phos-
phatidylethanolamine (PE) with variable amounts of the anionic lipids
PG and CL. To follow peptide-mediated membrane permeation, theLehrer group designed a dual reporter system for Gram-negative bacte-
ria using E. coliML-35p [69]. Two chromogenic reporter molecules are
used to monitor permeabilization of outer and inner membranes in a
single assay. Nitroceﬁn, a chromogenic cephalosporin, cannot cross
the outer membrane and is excluded from the periplasmic space. How-
ever, permeabilization of the outermembrane allows nitroceﬁn to enter
the periplasmwhere it is cleaved by a β-lactamase and produces a color
change that can be monitored spectrophotometrically at 486 nm. Since
this strain of E. coli lacks lactose permease, o-nitrophenylgalactose
(ONPG) cannot traverse its inner membrane to be cleaved by cytoplas-
mic β-galactosidase to o-nitrophenol, unless permeabilization of the
inner membrane occurs. ONPG cleavage produces a color change that
can be measured spectrophotometrically at 420 nm. Using this dual re-
porter system, we compared the membrane permeation ability of the
single alanine variants of the ﬁve cationic amino acids in both the GF-
17 and KR-12 peptide series. For GF-17, antimicrobial activity was re-
ducedwhen either R23 or K25wasmutated to an alanine. Interestingly,
the R23A peptide variant was unable to permeate either the outer or
inner membranes of E. coli, identifying R23 as a critical cationic side
chain formembrane permeation [21]. In contrast, the KR-12 peptide be-
camemoremembrane permeablewhen either R23 or K25wasmutated
to an alanine [59]. Correspondingly, these two KR-12 variants became
more active (lower MIC values) against E. coli. It is evident that the
membrane permeation ability of the peptide corresponds well to anti-
microbial activity for both peptides. What was puzzling was the oppo-
site effects observed in the KR-12 and GF-17 cases. Since GF-17, a
major antimicrobial peptide of LL-37 (Table 3), was sufﬁciently hydro-
phobic, the loss of R23 had a drastic effect on peptide activity [21]. In
the case of KR-12 (Fig. 3F), which corresponds to the smallest antimi-
crobial region of LL-37 (Table 3), the same substitution actually in-
creased peptide hydrophobicity, making it a more potent analog [59].
This is an important ﬁnding, showing that the peptide length deter-
mines whether peptide activity rises or decreases when a cationic
amino acid is changed to an alanine. Nevertheless, in both cases, the
critical cationic amino acids for membrane binding and permeation
are R23 and K25, which are located in the interfacial region of the am-
phipathic helices (Fig. 3). It seems that this observation applies primar-
ily to Gram-negative bacteria because there are relatively small changes
in antimicrobial activity against Gram-positive bacteria such as S. aureus
when R23 or K25 was replaced [21].
4.2. Membrane disruption: carpet or pore formation?
Membrane-targeting peptides can permeate the bacterial outer
membrane and reach the innermembrane. It is proposed that the action
of peptides onmembranes is sufﬁcient in itself to cause lethality. Exper-
imentally, membrane disruption can be viewed from TEM images and
other imaging methods. To explain membrane disruption, a variety of
models have been proposed. These include the carpet model [102],
barrel-stave [103], and toroidal pore [104]. All these models point to
the change in membrane structure in the presence of the peptides. In
many cases the pores that are formed lead to movement of ions across
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[105,106]. Such damaging effects could be lethal, leading to bacterial
death. Experimental evidence for the carpet model results when the
peptide is oriented parallel to the plane of the membrane bilayers. For
LL-37, supporting evidence for a surface location was obtained from
the lipid bilayermodel based on solid-state NMR aswell as FT-IR studies
[70,78]. These results agree with our ﬁnding from solution NMR studies
as well that suggest a surface location [54,56]. Oren and Shai have sug-
gested that LL-37 does not form a pore in a membrane [78]. However,
others have obtained evidence that LL-37 can form a pore on mem-
branes. It was suggested, based on effects of membrane curvature,
that this peptide forms a toroidal pore [74]. Itwas also suggested that al-
though LL-37 did not form a pore on its own, it did promote pore forma-
tion in cells expressing the P2X receptor [107]. Based on spectroscopic
evidence, it was suggested that either a carpet or toroidal pore mecha-
nism was possible for LL-37 [108]. Diffraction measurements, albeit at
high peptide concentrations, show a trans-bilayer orientation of the
peptide, consistent with pore formation [109]. Time-lapse ﬂuorescence
microscopy was suggested to be more consistent with a pore model
[110]. All of these results are difﬁcult to reconcile. The experimental
conditions, including the modiﬁcation of the LL-37 sequence, might
have played a role here. These observations could suggest that LL-37
adopts different states depending on the type of membrane surface.
We do not exclude the possibility that these two states represent dif-
ferent stages of peptide action onmembranes. The carpet model em-
phasizes the initial state when the peptide is coating bacterial
membranes. Subsequently, the peptide can transit to another state
and cause either membrane lysis like a detergent or pore formation
depending on the properties of the peptide, the nature of the mem-
brane, the extent of hydration, and the conditions of growth. The
curved structure of LL-37 (Fig. 3A) might be perfect for sealing the
wall of a pore or micellation of bacterial membranes like a detergent.
Another approach to understand the mechanism of action of LL-
37 is to utilize homologous primate cathelicidins. There appears to
be a balance between cationic residues contributing to peptide bind-
ing to anionic lipids and the inﬂuence of charge on peptide properties
such as aggregation. Tossi and colleagues proposed that peptides in
the free state in solution are more likely to permeate the outer mem-
brane and work on the inner membrane to kill bacteria, while those in
the aggregated form tend to stay on membrane surface and mainly act
to modulate immune functions. Being different in sequence, these
homologous cathelicidins may work via different mechanisms. For
example, atomic force microscopy (AFM) revealed a carpet-like
mode of permeabilization for RL-37 and formation of more deﬁned
worm-holes for LL-37 [111].
Although lipid vesicles may be an over-simpliﬁed model compared
to bacterial membranes, dye release from lipid vesicles may also yield
some evidence for membrane damage (pore or micellization). GF-17
can lyse lipid vesicles but not KR-12 [112]. Then, what does KR-12 do
to the membranes?
4.3. Membrane domain formation induced by LL-37 fragments
There are cases when the peptide does not pass through the
membrane and does not lyse the membrane. Under such conditions,
how could the growth of a bacterium be inhibited? There are antimi-
crobial peptides that coat bacterial surfaces [113], preventing bacte-
rial replication. The Epand laboratory has shown the formation of
lipid domains in the presence of cationic peptides or their mimicries,
providing yet an alternative model to understand peptide action
[114–120]. The fundamental force behind this can be ascribed to
the attraction of anionic lipids toward cationic peptides, leading to the
enrichment of anionic lipids around basic peptides. This peptide-
induced lipid domain formation in the membrane could have a global
impact on bacteria. For example, it would hinder bacterial signal trans-
duction that requires PG for membrane targeting of amphitropicproteins such as IIAGlc involved in E. coli glucose uptake [51,121]. It
would also inﬂuence the normal functions of other membrane-bound
proteins such as voltage-dependent potassium channels that also re-
quire proper Arg–PG interactions [122]. These effects of antimicrobial
peptides would disturb the membrane physiology of bacteria, leading
to cell growth inhibition or cell death [56]. It is relevant to mention
that human LL-37 and its variants can also induce lipid domain forma-
tion in C. albicans [123].
Multiple techniques have been used to support the mechanism of
lipid clustering. These have been recently discussed [101] and in-
clude DSC, 31P NMR, 2H NMR, freeze-fracture electron microscopy,
AFM and the combination of AFMwith polarized total internal reﬂec-
tion microscopy. KR-12 is a good model system for these experi-
ments [112,115].
Next, we have also compared the lipid clustering capability of dif-
ferent LL-37 fragments [112]. Of particular interest is the ﬁnding that
substituting 3 resides in GF-17 with the corresponding enantiomers
to produce GF-17d3 [61], resulted in a peptide with greater lipid
clustering ability. This peptide, as well as the KR-12 [56], has weaker
ability to induce liposomal leakage and to exhibit bacteriostatic ac-
tivity [124]. This may be a consequence of their lower hydrophobic-
ity, preventing them from penetrating deeply into the membrane
and perturbing it.
What types of basic amino acids are important for lipid cluster-
ing? Both GF-17 and KR-12 were utilized to answer this question. It
seems all the basic amino acids play a role, although to varying de-
grees. Therefore, the two sets of lipid-clustering basic residues are
not identical as a consequence of the change in peptide length. In
both cases, however, basic residues on the hydrophilic face appear
to be important. In addition, more ﬂexible side chains appeared to
be more important. In the case of KR-12, the basic amino acids that
are more important in lipid clustering are K18 and R29. These resi-
dues are located at the terminal regions of the peptides (Fig. 3F)
and can be more mobile than those located in the interface [59]. As
a further support for the role of ﬂexibility, the Epand laboratory
found that, among numerous antimicrobials studied up to date,
most ﬂexible peptide mimicries also showed the largest degree of
lipid clustering [106,125].
More generally, the formation of a lipid domain in the presence of
cationic peptides is related to the reconstitution of the system into a dif-
ferent phase diagram. Therefore, additional non-peptide factors such as
lipid chain length and packing density may come into play [126,127].
Membrane segmentation can generate defects and facilitate the inser-
tion of peptides into the lipid bilayers, leading to pore formation.4.4. New insights into the membrane perturbation potential model
It has been realized for a long time that both hydrophobic and basic
amino acids play an essential role in determining peptide activity
[1–4,10,78,102–105]. When a single parameter fails to correlate struc-
ture with activity, we found it useful to combine the hydrophobic and
basic elements. Wang et al. [70] derived the membrane perturbation
potential model based on a comparison of the 3D structures of a non-
toxic bacterial membrane anchor and antimicrobial and anticancer pep-
tide aurein 1.2, both containing two lysines. The bacterial membrane
anchor sequence, with a short 3-turn helix (10 residues), was able to as-
sociate with anionic PG but not phosphocholines, verifying the impor-
tant role of electrostatic interactions for preferential binding to
bacterial membranes rich in PG [121]. Although both are helical pep-
tides, the bacterial membrane anchor with a shallow hydrophobic sur-
face is unable to deeply penetrate the membrane, thereby it is not
toxic to bacteria. In contrast, aurein 1.2 has a broader hydrophobic sur-
face, enabling deeper membrane penetration to kill bacteria [70]. In-
deed, solid-state NMR studies indicate that aurein 1.2 acts via a carpet
model [71–73]. Likewise, DFTamP1, a peptide designed based on the
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kill MRSA USA300 [128].
Using peptides from the central antimicrobial region of LL-37 as
models, we have learned the following: (1) The peptide sequence
order is not important for antibacterial activity but essential for
anti-HIV activity [22,129]. (2) Peptide length (related to mainly hy-
drophobicity) is clearly important for the antimicrobial activity of
this helical peptide. While truncation of GF-17 into KR-12 reduced
antimicrobial activity [56], an extension of the helical region of the
bacterial membrane anchor by one turn made the peptide antibacte-
rial [70]. (3) The aromatic phenylalanines are involved in membrane
binding and they may show clear difference in micelle penetration
depth [129]. (4) The continuity of the hydrophobic surface of an am-
phipathic helix is important for a deep penetration into membranes
[55]. (5) Cationic amino acids of GF-17 appear to have multiple roles
such as membrane binding, permeation, and domain formation [21].
Among the ﬁve basic amino acids, interfacial R23 plays an essential
role in these membrane interactions, while cationic residues on the
hydrophilic face tend to be more important in lipid clustering. (6) It is
important that the peptide length determines whether the activity
goes up or down when an interfacial cationic arginine is replaced by
an alanine. For a more hydrophobic GF-17, the loss of R23 reduces
peptide activity, whereas the peptide antibacterial activity increased
in the case of less hydrophobic KR-12 [59]. These new results shed
additional light on the membrane perturbation potential (MPP)
model proposed earlier. The hydrophobic surface bordered by the in-
terfacial basic residues deﬁnes the ﬁrst action layer important for
membrane binding, membrane permeation, and peptide activity,
while non-interfacial basic amino acids on the hydrophilic surface
could modulate other physical processes such as membrane domain
formation. With the accumulation of data, it may become feasible to
quantify the MPP as a measure of peptide membrane perturbation
ability. This will form the basis for us to rationally design peptides
with desired MPP.
There are also some antimicrobial peptides, however, with non-
helical structures. For example, Pro-rich peptides and Trp-rich
lactoferrins do not adopt a regular helical structure. In the case of a
15mer lactoferrin fragment, membrane interactions did not correlate
with antimicrobial activity [130–132]. Likewise, alanine substitutions
of lysines or the arginine of PAF26 (Ac-RKKWFW-NH2) showed no ef-
fect on antifungal activity against plant pathogen Penicillium digitatum,
although substitution of hydrophobic residues did [131]. It is notable
that these peptides are proposed to cross cellular membranes and
bind to internal targets. Such peptides, therefore, do not ﬁt into the
MPP model we highlighted above for membrane-targeting helical
peptides. Interestingly, both helical and non-helical peptides could
contain numerous aromatic residues in the sequence. While LL-37
contains four phenylalanines, PAF26 contains two Trp residues. The ar-
omatic residues are known to prefer membrane interfaces [133–136].
Aromatic amino acids such as phenylalanines can also form the inter-
face for protein–protein interactions [56].
5. Concluding remarks
Human cathelicidin LL-37 has been demonstrated to have antimi-
crobial activity against a variety of microbial pathogens, including
bacteria, fungi, viruses, and parasites. It appears that LL-37 targets
bacterial membranes (Fig. 2). The high-quality 3D structure of
human LL-37 determined by 3D NMR spectroscopy (Fig. 3) reveals
that it uses a long amphipathic helix (residues 1–31) to interact with
the outer and inner membranes of Gram-negative bacteria, and the
C-terminal tail (residues 32–37) is not required for membrane bind-
ing (Fig. 3A). The two hydrophobic domains of LL-37 are critical for
binding LPS and explain its anti-septic effects. It is also established
that both hydrophobic aromatic phenylalanines and interfacial cat-
ionic lysines and arginines of LL-37 participate in membrane binding(Fig. 4B). This amphipathic structure provides a solid basis for a
membrane surface location at the equilibrated experimental condi-
tions and may represent the initial state during bacterial killing.
While acidic residues of LL-37 appear to control peptide aggregation
as well as activity [137], our work also sheds light on possible roles of
cationic amino acids in LL-37 fragments. In particular, the central
cationic R23 in the central helix of LL-37 can directly interact with
anionic PG (Fig. 4B) [54,56], consistent with its critical roles in mem-
brane targeting and permeation.
It is pertinent to point out that, while bacterial membrane disrup-
tion is emphasized as the major mechanism of action of LL-37 in sev-
eral studies [56,61,74,78,126,127], we do not exclude contributions
from an alternative mechanism. It is demonstrated that the major an-
timicrobial region of LL-37 can directly associate with DNA based on
gel shift assays (T. Lushinikova and G. Wang, unpublished). Once bac-
terial membranes have been damaged due to the action of LL-37, DNA
binding could also occur in the same manner as observed for DNA-
binding dyes [21]. R23 is proposed to be essential for DNA binding
as well [138]. It is believed that binding of LL-37 to DNA or other neg-
ative components is responsible for the loss of antimicrobial activity
in a cystic ﬁbrosis (CF) lung [139]. In both cases, the binding of LL-
37 to DNA may generate a new signal for the biological system. The
LL-37/DNA complex may trigger part of the immune modulation in
analogy to the neutralization of LPS by the same peptide. LL-37 may
deliver DNA into host cells to be recognized by TLR-9 [140,141].
There are also other pathways for immune modulation. LL-37 can di-
rectly associate with host cell receptors such as formyl peptide
receptor-like 1 (FPRL1) and P2X7 [142,143]. Elucidation of these
novel mechanisms may hold the key to new strategies for treating
infectious diseases.
There have been attempts to map the functions of LL-37 to deﬁned
peptide regions. It appears the N-terminal region of LL-37 is not im-
portant for antibacterial activity since the N-terminal fragment LL-23
showed activity only to susceptible bacterial strains [55]. However,
LL-23 may have immune modulation roles. In particular, a change
of S9 of LL-23 to A9 or V9 led to distinct chemokine release patterns.
NMR studies revealed that both the N-terminal and C-terminal re-
gions of LL-37 are involved in peptide aggregation [56]. This explains
the fact that truncation of either the N-terminal or C-terminal 6–7
residues of LL-37 could increase peptide potency. It is clear now
that the central helix of LL-37 is of primary importance in inhibiting
microbes (Fig. 4A). A variety of fragments have been derived based
on this central region (Table 3). GF-17, a peptide corresponding to
the major antimicrobial region of human LL-37, is known to have ac-
tivity against pathogenic superbugs such as MRSA and HIV-1, as well
as cancer [21,22,61]. The minimal peptide sequence may vary de-
pending on the type of antimicrobial activity (Table 3). KR-12 is suf-
ﬁcient to inhibit E. coli, whereas FK-13, the LL-37 core peptide, is the
minimal sequence for inhibiting HIV-1 [22,56]. Furthermore, GF-17
is potent against MRSA USA300 [21]. However, an even longer frag-
ment, RK-25, is suggested for the anti-bioﬁlm activity against
P. aeruginosa [87]. Therefore, there is a consensus that the central
fragment of LL-37 is required for antibacterial, anti-bioﬁlm, antiviral
activities. Table 3 contains a collection of interesting LL-37 templates
for developing novel therapeutic molecules for treating different in-
fectious diseases. Alternatively, elucidation of other inducing factors
and the mechanism of induction of LL-37 could offer a new avenue
for treating infectious diseases [144].Acknowledgements
This study was supported by grants from the NIAID, NIH
(1R56AI105147-01) and the State of Nebraska Research Initiative
to GW, and by Natural Sciences and Engineering Research Council
grant 9848 to RME.
2170 G. Wang et al. / Biochimica et Biophysica Acta 1838 (2014) 2160–2172References
[1] H.G. Boman, Peptide antibiotics and their role in innate immunity, Annu. Rev.
Immunol. 13 (1995) 61–92.
[2] M. Zasloff, Antimicrobial peptides of multicellular organisms, Nature 415 (2002)
389–395.
[3] R.E. Hancock, R. Lehrer, Cationic peptides: a new source of antibiotics, Trends
Biotechnol. 16 (1998) 82–88.
[4] In: G. Wang (Ed.), Antimicrobial Peptides: Discovery, Design and Novel Therapeu-
tic Strategies, CABI, England, 2010.
[5] H. Steiner, D. Hultmark, A. Engstrom, H. Bennich, H.G. Boman, Sequence and spec-
iﬁcity of two antibacterial proteins involved in insect immunity, Nature 292 (1981)
246–248.
[6] T. Ganz, M.E. Selsted, D. Szklarek, S.S. Harwig, K. Daher, D.F. Bainton, R.I. Lehrer,
Defensins. Natural peptide antibiotics of human neutrophils, J. Clin. Invest. 76
(1985) 1427–1435.
[7] M. Zasloff, Magainins, a class of antimicrobial peptides from Xenopus skin: isola-
tion, characterization of two active forms, and partial cDNA sequence of a precur-
sor, Proc. Natl. Acad. Sci. U. S. A. 84 (1987) 5449–5453.
[8] Z. Wang, G. Wang, APD: the Antimicrobial Peptide Database, Nucleic Acids Res. 32
(2004) D590–D592.
[9] G. Wang, X. Li, Z. Wang, APD2: the updated antimicrobial peptide database and its
application in peptide design, Nucleic Acids Res. 37 (2009) D933–D937.
[10] M. Zanetti, The role of cathelicidins in the innate host defenses of mammals, Curr.
Issues Mol. Biol. 7 (2005) 179–196.
[11] R. Bucki, K. Leszczynska, A. Namiot, W. Sokolowski, Cathelicidin LL-37: a multitask
antimicrobial peptide, Arch. Immunol. Ther. Exp. (Warsz) 58 (2010) 15–25.
[12] R. Bals, J.M. Wilson, Cathelicidins—a family of multifunctional antimicrobial pep-
tides, Cell. Mol. Life Sci. 60 (2003) 711–720.
[13] Y. Lai, R.L. Gallo, AMPed up immunity: how antimicrobial peptides have multiple
roles in immune defense, Trends Immunol. 30 (2009) 131–141.
[14] Y. Kai-Larsen, B. Agerberth, The role of the multifunctional peptide LL-37 in host
defense, Front. Biosci. 13 (2008) 3760–3767.
[15] A. Nijnik, J. Pistolic, N.C. Filewod, R.E. Hancock, Signaling pathways mediating che-
mokine induction in keratinocytes by cathelicidin LL-37 and ﬂagellin, J. Innate
Immun. 4 (2012) 377–386.
[16] D. Romeo, B. Skerlavaj, M. Bolognesi, R. Gennaro, Structure and bactericidal activity
of an antibiotic dodecapeptide puriﬁed from bovine neutrophils, J. Biol. Chem. 263
(1988) 9573–9575.
[17] P.T. Liu, S. Stenger, H. Li, L. Wenzel, B.H. Tan, S.R. Krutzik, M.T. Ochoa, J. Schauber, K.
Wu, C. Meinken, D.L. Kamen, M.Wagner, R. Bals, A. Steinmeyer, U. Zugel, R.L. Gallo,
D. Eisenberg, M. Hewison, B.W. Hollis, J.S. Adams, B.R. Bloom, R.L. Modlin, Toll-like
receptor triggering of a vitamin D-mediated human antimicrobial response, Sci-
ence 311 (2006) 1770–1773.
[18] J. Karlsson, G. Carlsson, O. Larne, M. Andersson, K. Putsep, Vitamin D3 induces
pro-LL-37 expression in myeloid precursors from patients with severe congenital
neutropenia, J. Leukoc. Biol. 84 (2008) 1279–1286.
[19] K. Putsep, G. Carlsson, H.G. Boman, M. Andersson, Deﬁciency of antibacterial pep-
tides in patients with morbus Kostmann: an observation study, Lancet 360
(2002) 1144–1149.
[20] P.Y. Ong, T. Ohtake, C. Brandt, I. Strickland, M. Boguniewicz, T. Ganz, R.L. Gallo, D.Y.
Leung, Endogenous antimicrobial peptides and skin infections in atopic dermatitis,
N. Engl. J. Med. 347 (2002) 1151–1160.
[21] G. Wang, R.F. Epand, B. Mishra, T. Lushnikova, V.C. Thomas, K.W. Bayles, R.M.
Epand, Decoding the functional roles of cationic side chains of the major antimi-
crobial region of human cathelicidin LL-37, Antimicrob. Agents Chemother. 56
(2012) 845–856.
[22] G. Wang, K.M. Watson, R.W. Buckheit Jr., Anti-human immunodeﬁciency virus
type 1 activities of antimicrobial peptides derived from human and bovine
cathelicidins, Antimicrob. Agents Chemother. 52 (2008) 3438–3440.
[23] L. Steinstraesser, B. Tippler, J. Mertens, E. Lamme, H.H. Homann, M. Lehnhardt, O.
Wildner, H.U. Steinau, K. Uberla, Inhibition of early steps in the lentiviral replication
cycle by cathelicidin host defense peptides, Retrovirology 2 (2005) 2.
[24] P.G. Barlow, P. Svoboda, A. Mackellar, A.A. Nash, I.A. York, J. Pohl, D.J. Davidson, R.O.
Donis, Antiviral activity and increased host defense against inﬂuenza infection elic-
ited by the human cathelicidin LL-37, PLoS One 6 (2011) e25333.
[25] G. Wang, Natural antimicrobial peptides as promising anti-HIV candidates, Curr.
Top. Pept. Proteins 13 (2012) 93–110.
[26] A.L. den Hertog, J. van Marle, H.A. van Veen, W. Van't Hof, J.G. Bolscher, E.C.
Veerman, A.V. Nieuw Amerongen, Candidacidal effects of two antimicrobial pep-
tides: histatin 5 causes small membrane defects, but LL-37 causes massive disrup-
tion of the cell membrane, Biochem. J. 388 (2005) 689–695.
[27] R. Rico-Mata, L.M. De Leon-Rodriguez, E.E. Avila, Effect of antimicrobial peptides
derived from human cathelicidin LL-37 on Entamoeba histolytica trophozoites,
Exp. Parasitol. 133 (2013) 300–306.
[28] W.K. Wu, G. Wang, S.B. Coffelt, A.M. Betancourt, C.W. Lee, D. Fan, K. Wu, J. Yu, J.J.
Sung, C.H. Cho, Emerging roles of the host defense peptide LL-37 in human cancer
and its potential therapeutic applications, Int. J. Cancer 127 (2010) 1741–1747.
[29] G. Wang, Tool developments for structure–function studies of host defense pep-
tides, Protein Pept. Lett. 14 (2007) 57–69.
[30] B. Agerberth, H. Gunne, J. Odeberg, P. Kogner, H.G. Boman, G.H. Gudmundsson,
FALL-39, a putative human peptide antibiotic, is cysteine-free and expressed in
bone marrow and testis, Proc. Natl. Acad. Sci. U. S. A. 92 (1995) 195–199.
[31] J.B. Cowland, A.H. Johnsen, N. Borregaard, hCAP-18, a cathelin/pro-bactenecin-like
protein of human neutrophil speciﬁc granules, FEBS Lett. 368 (1995) 173–176.[32] J.W. Larrick, M. Hirata, R.F. Balint, J. Lee, J. Zhong, S.C. Wright, Human CAP18: a
novel antimicrobial lipopolysaccharide-binding protein, Infect. Immun. 63 (1995)
1291–1297.
[33] G.H. Gudmundsson, B. Agerberth, J. Odeberg, T. Bergman, B. Olsson, R. Salcedo, The
human gene FALL39 and processing of the cathelin precursor to the antibacterial
peptide LL-37 in granulocytes, Eur. J. Biochem. 238 (1996) 325–332.
[34] O.E. Sorensen, L. Gram, A.H. Johnsen, E. Andersson, S. Bangsboll, G.S. Tjabringa, P.S.
Hiemstra, J. Malm, A. Egesten, N. Borregaard, Processing of seminal plasma
hCAP-18 to ALL-38 by gastricsin: a novel mechanism of generating antimicrobial
peptides in vagina, J. Biol. Chem. 278 (2003) 28540–28546.
[35] K. Yamasaki, J. Schauber, A. Coda, H. Lin, R.A. Dorschner, N.M. Schechter, C.
Bonnart, P. Descargues, A. Hovnanian, R.L. Gallo, Kallikrein-mediated proteol-
ysis regulates the antimicrobial effects of cathelicidins in skin, FASEB J. 20
(2006) 2068–2080.
[36] R.B. Gennis, Biomembranes, Springer Verlag, New York, 1989.
[37] C. Ratledge, S.G. Wilkinson, Microbial Lipids, Academic Press, London, 1988.
[38] W. Stillwell, An Introduction to Biological Membranes, Academic Press, 2013.
[39] J.S. Gunn, Bacterial modiﬁcation of LPS and resistance to antimicrobial peptides, J.
Endotoxin Res. 7 (2001) 57–62.
[40] A. Peschel, How do bacteria resist human antimicrobial peptides? Trends
Microbiol. 10 (2002) 179–186.
[41] R.F. Epand, J.E. Pollard, J.O. Wright, P.B. Savage, R.M. Epand, Depolarization, bacte-
rial membrane composition, and the antimicrobial action of ceragenins,
Antimicrob. Agents Chemother. 54 (2010) 3708–3713.
[42] K. Goldberg, H. Sarig, F. Zaknoon, R.F. Epand, R.M. Epand, A. Mor, Sensitization of
gram-negative bacteria by targeting the membrane potential, FASEB J. 27 (2013)
3818–3826.
[43] G. Francius, O. Domenech, M.P. Mingeot-Leclercq, Y.F. Dufrene, Direct observation
of Staphylococcus aureus cell wall digestion by lysostaphin, J. Bacteriol. 190 (2008)
7904–7909.
[44] J. Pius, M.R. Morrow, V. Booth, (2)H solid-state nuclear magnetic resonance inves-
tigation of whole Escherichia coli interacting with antimicrobial peptide MSI-78,
Biochemistry 51 (2012) 118–125.
[45] G. Wang, NMR of membrane-associated peptides and proteins, Curr. Protein Pept.
Sci. 9 (2008) 50–69.
[46] E. Strandberg, A.S. Ulrich, NMRmethods for studying membrane-active antimicro-
bial peptides, Concepts Magn. Reson. Part A 23A (2004) 89–120.
[47] K. Wüthrich, NMR of Proteins and Nucleic Acids, Wiley, New York, 1986.
[48] R.M. Epand, H.J. Vogel, Diversity of antimicrobial peptides and their mechanisms of
action, Biochim. Biophys. Acta 1462 (1999) 11–28.
[49] J. Gesell, M. Zasloff, S.J. Opella, Two-dimensional 1H NMR experiments show that the
23-residue magainin antibiotic peptide is an alpha-helix in dodecylphosphocholine
micelles, sodium dodecylsulfate micelles, and triﬂuoroethanol/water solution, J.
Biomol. NMR 9 (1997) 127–135.
[50] G. Wang, Structural biology of antimicrobial peptides by NMR spectroscopy, Curr.
Org. Chem. 10 (2006) 569–581.
[51] G. Wang, P.A. Keifer, A. Peterkofsky, Solution structure of the N-terminal
amphitropic domain of Escherichia coli glucose-speciﬁc enzyme IIA in
membrane-mimetic micelles, Protein Sci. 12 (2003) 1087–1096.
[52] G. Wang, P.A. Keifer, A. Peterkofsky, Short-chain diacyl phosphatidylglycerols: which
one to choose for the NMR structural determination of a membrane-associated pep-
tide from Escherichia coli? Spectroscopy 18 (2004) 257–264.
[53] P.A. Keifer, A. Peterkofsky, G. Wang, Effects of detergent alkyl chain length and
chemical structure on the properties of a micelle-bound bacterial membrane
targeting peptide, Anal. Biochem. 331 (2004) 33–39.
[54] G. Wang, Determination of solution structure and lipid micelle location of an
engineered membrane peptide by using one NMR experiment and one sample,
Biochim. Biophys. Acta 1768 (2007) 3271–3281.
[55] G. Wang, M. Elliott, A.L. Cogen, E.L. Ezell, R.L. Gallo, R.E. Hancock, Structure, dynam-
ics, and antimicrobial and immune modulatory activities of human LL-23 and its
single-residue variants mutated on the basis of homologous primate cathelicidins,
Biochemistry 51 (2012) 653–664.
[56] G.Wang, Structures of human host defense cathelicidin LL-37 and its smallest anti-
microbial peptide KR-12 in lipid micelles, J. Biol. Chem. 283 (2008) 32637–32643.
[57] G. Wang, NMR studies of a model antimicrobial peptide in the micelles of SDS,
dodecylphosphocholine, or dioctanoylphosphatidylglycerol, Open Magn. Reson. J.
1 (2008) 9–15.
[58] G. Wang, W.D. Treleaven, R.J. Cushley, Conformation of human serum apoli-
poprotein A-I(166–185) in the presence of sodium dodecyl sulfate or
dodecylphosphocholine by 1H NMR and CD. Evidence for speciﬁc peptide–
SDS interactions, Biochim. Biophys. Acta 1301 (1996) 174–184.
[59] B. Mishra, R.F. Epand, R.M. Epand, G. Wang, Structural location determines func-
tional roles of the basic amino acids of KR-12, the smallest antimicrobial peptide
from human cathelicidin LL-37, RSC Adv. 3 (2013) 19560–19571.
[60] S.N. Dean, B.M. Bishop, M.L. van Hoek, Natural and synthetic cathelicidin peptides
with anti-microbial and anti-bioﬁlm activity against Staphylococcus aureus, BMC
Microbiol. 11 (2011) 114.
[61] X. Li, Y. Li, H. Han, D.W. Miller, G. Wang, Solution structures of human LL-37
fragments and NMR-based identiﬁcation of a minimal membrane-targeting
antimicrobial and anticancer region, J. Am. Chem. Soc. 128 (2006) 5776–5785.
[62] Y. Li, X. Li, G. Wang, Cloning, expression, isotope labeling, and puriﬁcation of
human antimicrobial peptide LL-37 in Escherichia coli for NMR studies, Protein
Expr. Purif. 47 (2006) 498–505.
[63] L.E. Kay, M. Ikura, R. Tschudin, A. Bax, Three-dimensional triple-resonance NMR
spectroscopy of isotopically enriched proteins, J. Magn. Reson. 213 (1990)
423–441(2011).
2171G. Wang et al. / Biochimica et Biophysica Acta 1838 (2014) 2160–2172[64] G. Wang, Database-guided discovery of potent peptides to combat HIV-1 or
superbugs, Pharmaceuticals 6 (2013) 728–758.
[65] G. Wang, Structure, dynamics and mapping of membrane-binding residues of
micelle-bound antimicrobial peptides by natural abundance (13)C NMR spectros-
copy, Biochim. Biophys. Acta 1798 (2010) 114–121.
[66] F. Porcelli, R. Verardi, L. Shi, K.A. Henzler-Wildman, A. Ramamoorthy, G. Veglia,
NMR structure of the cathelicidin-derived human antimicrobial peptide LL-37 in
dodecylphosphocholine micelles, Biochemistry 47 (2008) 5565–5572.
[67] J. Johansson, G.H. Gudmundsson, M.E. Rottenberg, K.D. Berndt, B. Agerberth,
Conformation-dependent antibacterial activity of the naturally occurring human
peptide LL-37, J. Biol. Chem. 273 (1998) 3718–3724.
[68] Y. Li, X. Li, H. Li, O. Lockridge, G. Wang, A novel method for purifying recombinant
human host defense cathelicidin LL-37 by utilizing its inherent property of aggre-
gation, Protein Expr. Purif. 54 (2007) 157–165.
[69] R.I. Lehrer, A. Barton, T. Ganz, Concurrent assessment of inner and outermembrane
permeabilization and bacteriolysis in E. coli by multiple-wavelength spectropho-
tometry, J. Immunol. Methods 108 (1988) 153–158.
[70] G. Wang, Y. Li, X. Li, Correlation of three-dimensional structures with the antibac-
terial activity of a group of peptides designed based on a nontoxic bacterial mem-
brane anchor, J. Biol. Chem. 280 (2005) 5803–5811.
[71] D.I. Fernandez, A.P. Le Brun, T.C. Whitwell, M.A. Sani, M. James, F. Separovic, The
antimicrobial peptide aurein 1.2 disrupts model membranes via the carpet mech-
anism, Phys. Chem. Chem. Phys. 14 (2012) 15739–15751.
[72] J.D. Gehman, F. Luc, K. Hall, T.H. Lee, M.P. Boland, T.L. Pukala, J.H. Bowie, M.I.
Aguilar, F. Separovic, Effect of antimicrobial peptides from Australian tree frogs
on anionic phospholipid membranes, Biochemistry 47 (2008) 8557–8565.
[73] I. Marcotte, K.L.Wegener, Y.H. Lam, B.C. Chia, M.R. de Planque, J.H. Bowie, M. Auger,
F. Separovic, Interaction of antimicrobial peptides from Australian amphibians
with lipid membranes, Chem. Phys. Lipids 122 (2003) 107–120.
[74] K.A. Henzler Wildman, D.K. Lee, A. Ramamoorthy, Mechanism of lipid bilayer dis-
ruption by the human antimicrobial peptide, LL-37, Biochemistry 42 (2003)
6545–6558.
[75] K.A. Henzler-Wildman, G.V. Martinez, M.F. Brown, A. Ramamoorthy, Perturbation
of the hydrophobic core of lipid bilayers by the human antimicrobial peptide
LL-37, Biochemistry 43 (2004) 8459–8469.
[76] K. Leszczynska, D. Namiot, F.J. Byﬁeld, K. Cruz, M. Zendzian-Piotrowska, D.E. Fein,
P.B. Savage, S. Diamond, C.A. McCulloch, P.A. Janmey, R. Bucki, Antibacterial activity
of the human host defence peptide LL-37 and selected synthetic cationic lipids
against bacteria associated with oral and upper respiratory tract infections,
J. Antimicrob. Chemother. 68 (2013) 610–618.
[77] J. Turner, Y. Cho, N.N. Dinh, A.J. Waring, R.I. Lehrer, Activities of LL-37, a
cathelin-associated antimicrobial peptide of human neutrophils, Antimicrob.
Agents Chemother. 42 (1998) 2206–2214.
[78] Z. Oren, J.C. Lerman, G.H. Gudmundsson, B. Agerberth, Y. Shai, Structure and orga-
nization of the human antimicrobial peptide LL-37 in phospholipid membranes:
relevance to the molecular basis for its non-cell-selective activity, Biochem. J. 341
(Pt 3) (1999) 501–513.
[79] M.H. Braff, M.A. Hawkins, A. Di Nardo, B. Lopez-Garcia, M.D. Howell, C. Wong, K.
Lin, J.E. Streib, R. Dorschner, D.Y. Leung, R.L. Gallo, Structure–function relationships
among human cathelicidin peptides: dissociation of antimicrobial properties from
host immunostimulatory activities, J. Immunol. 174 (2005) 4271–4278.
[80] C.D. Ciornei, T. Sigurdardottir, A. Schmidtchen, M. Bodelsson, Antimicrobial and
chemoattractant activity, lipopolysaccharide neutralization, cytotoxicity, and inhi-
bition by serum of analogs of human cathelicidin LL-37, Antimicrob. Agents
Chemother. 49 (2005) 2845–2850.
[81] S. Kanthawong, J.G. Bolscher, E.C. Veerman, J. van Marle, K. Nazmi, S.
Wongratanacheewin, S. Taweechaisupapong, Antimicrobial activities of LL-37
and its truncated variants against Burkholderia thailandensis, Int. J. Antimicrob.
Agents 36 (2010) 447–452.
[82] C. Dannehl, T. Gutsmann, G. Brezesinski, Surface activity and structures of two frag-
ments of the human antimicrobial LL-37, Colloids Surf. B: Biointerfaces 109 (2013)
129–135.
[83] M. Sieprawska-Lupa, P. Mydel, K. Krawczyk, K.Wojcik, M. Puklo, B. Lupa, P. Suder, J.
Silberring, M. Reed, J. Pohl, W. Shafer, F. McAleese, T. Foster, J. Travis, J. Potempa,
Degradation of human antimicrobial peptide LL-37 by Staphylococcus
aureus-derived proteinases, Antimicrob. Agents Chemother. 48 (2004) 4673–4679.
[84] M.J. Nell, G.S. Tjabringa, A.R. Wafelman, R. Verrijk, P.S. Hiemstra, J.W. Drijfhout, J.J.
Grote, Development of novel LL-37 derived antimicrobial peptides with LPS and
LTA neutralizing and antimicrobial activities for therapeutic application, Peptides
27 (2006) 649–660.
[85] T. Sigurdardottir, P. Andersson, M. Davoudi, M. Malmsten, A. Schmidtchen, M.
Bodelsson, In silico identiﬁcation and biological evaluation of antimicrobial pep-
tides based on human cathelicidin LL-37, Antimicrob. Agents Chemother. 50
(2006) 2983–2989.
[86] E.M. Molhoek, A.L. den Hertog, A.M. de Vries, K. Nazmi, E.C. Veerman, F.C. Hartgers,
M. Yazdanbakhsh, F.J. Bikker, D. van der Kleij, Structure–function relationship of
the human antimicrobial peptide LL-37 and LL-37 fragments in the modulation
of TLR responses, Biol. Chem. 390 (2009) 295–303.
[87] C. Nagant, B. Pitts, K. Nazmi, M. Vandenbranden, J.G. Bolscher, P.S. Stewart, J.P.
Dehaye, Identiﬁcation of peptides derived from the human antimicrobial peptide
LL-37 active against bioﬁlms formed by Pseudomonas aeruginosa using a library
of truncated fragments, Antimicrob. Agents Chemother. 56 (2012) 5698–5708.
[88] X. Feng, K. Sambanthamoorthy, T. Palys, C. Paranavitana, The human antimicrobial
peptide LL-37 and its fragments possess both antimicrobial and antibioﬁlm
activities against multidrug-resistant Acinetobacter baumannii, Peptides 49
(2013) 131–137.[89] P.G. Barlow, P. Svoboda, A. Mackellar, A.A. Nash, I.A. York, J. Pohl, D.J. Davidson, R.O.
Donis, Antiviral activity and increased host defense against inﬂuenza infection
elicited by the human cathelicidin LL-37, PLoS One 6 (2011) e25333.
[90] M.D. Howell, J.F. Jones, K.O. Kisich, J.E. Streib, R.L. Gallo, D.Y. Leung, Selective killing
of vaccinia virus by LL-37: implications for eczema vaccinatum, J. Immunol. 172
(2004) 1763–1767.
[91] S. Tripathi, T. Tecle, A. Verma, E. Crouch, M. White, K.L. Hartshorn, The human
cathelicidin LL-37 inhibits inﬂuenza A viruses through a mechanism distinct
from that of surfactant protein D or defensins, J. Gen. Virol. 94 (2013) 40–49.
[92] L.R. Crack, L. Jones, G.N. Malavige, V. Patel, G.S. Ogg, Human antimicrobial peptides
LL-37 and human beta-defensin-2 reduce viral replication in keratinocytes infected
with varicella zoster virus, Clin. Exp. Dermatol. 37 (2012) 534–543.
[93] P. Bergman, L.Walter-Jallow, K. Broliden, B. Agerberth, J. Soderlund, The antimicro-
bial peptide LL-37 inhibits HIV-1 replication, Curr. HIV Res. 5 (2007) 410–415.
[94] J.H. Wong, A. Legowska, K. Rolka, T.B. Ng, M. Hui, C.H. Cho, W.W. Lam, S.W. Au,
O.W. Gu, D.C. Wan, Effects of cathelicidin and its fragments on three key enzymes
of HIV-1, Peptides 32 (2011) 1117–1122.
[95] S.M. Currie, E.G. Findlay, B.J. McHugh, A. Mackellar, T. Man, D. Macmillan, H. Wang,
P.M. Fitch, J. Schwarze, D.J. Davidson, The human cathelicidin LL-37 has antiviral
activity against respiratory syncytial virus, PLoS One 8 (2013) e73659.
[96] M.R. St Vincent, C.C. Colpitts, A.V. Ustinov, M. Muqadas, M.A. Joyce, N.L. Barsby, R.F.
Epand, R.M. Epand, S.A. Khramyshev, O.A. Valueva, V.A. Korshun, D.L. Tyrrell, L.M.
Schang, Rigid amphipathic fusion inhibitors, small molecule antiviral compounds
against enveloped viruses, Proc. Natl. Acad. Sci. U. S. A. 107 (2010) 17339–17344.
[97] M.J. Gómara, I. Haro, Updating the use of synthetic peptides as inhibitors of
Hiv-1 entry, Curr. Med. Chem. (2014)(in press).
[98] A. Ashkenazi, M. Viard, L. Unger, R. Blumenthal, Y. Shai, Sphingopeptides:
dihydrosphingosine-based fusion inhibitors against wild-type and enfuvirtide-
resistant HIV-1, FASEB J. 26 (2012) 4628–4636.
[99] A. Hollmann, P.M. Matos, M.T. Augusto, M.A. Castanho, N.C. Santos, Conjugation of
cholesterol to HIV-1 fusion inhibitor C34 increases peptide-membrane interactions
potentiating its action, PLoS One 8 (2013) e60302.
[100] A.P. Gounder, M.E. Wiens, S.S. Wilson, W. Lu, J.G. Smith, Critical determinants of
human α-defensin 5 activity against non-enveloped viruses, J. Biol. Chem. 287
(2012) 24554–24562.
[101] R.M. Epand, R.F. Epand, Bacterial membrane lipids in the action of antimicrobial
agents, J. Pept. Sci. 17 (2011) 298–305.
[102] Y. Shai, Mode of action ofmembrane active antimicrobial peptides, Biopolymers 66
(2002) 236–248.
[103] P. Pieta, J. Mirza, J. Lipkowski, Direct visualization of the alamethicin pore formed in
a planar phospholipid matrix, Proc. Natl. Acad. Sci. U. S. A. 109 (2012)
21223–21227.
[104] Y. Miyazaki, M. Aoki, Y. Yano, K. Matsuzaki, Interaction of antimicrobial peptide
magainin 2 with gangliosides as a target for human cell binding, Biochemistry 51
(2012) 10229–10235.
[105] R.F. Epand, J.E. Pollard, J.O. Wright, P.B. Savage, R.M. Epand, Depolarization, bacte-
rial membrane composition, and the antimicrobial action of ceragenins,
Antimicrob. Agents Chemother. 54 (2010) 3708–3713.
[106] K. Goldberg, H. Sarig, F. Zaknoon, R.F. Epand, R.M. Epand, A. Mor, Sensitization of
gram-negative bacteria by targeting the membrane potential, FASEB J. 27 (2013)
3818–3826.
[107] L. Tomasinsig, C. Pizzirani, B. Skerlavaj, P. Pellegatti, S. Gulinelli, A. Tossi, F. Di Virgilio,
M. Zanetti, Thehuman cathelicidin LL-37modulates the activities of the P2X7 receptor
in a structure-dependent manner, J. Biol. Chem. 283 (2008) 30471–30481.
[108] J.E. Gable, D.E. Schlamadinger, A.L. Cogen, R.L. Gallo, J.E. Kim, Fluorescence and UV
resonance Raman study of peptide–vesicle interactions of human cathelicidin
LL-37 and its F6W and F17W mutants, Biochemistry 48 (2009) 11264–11272.
[109] C.C. Lee, Y. Sun, S. Qian, H.W. Huang, Transmembrane pores formed by human an-
timicrobial peptide LL-37, Biophys. J. 100 (2011) 1688–1696.
[110] K.J. Barns, J.C. Weisshaar, Real-time attack of LL-37 on single Bacillus subtilis cells,
Biochim. Biophys. Acta 1828 (2013) 1511–1520.
[111] F. Morgera, L. Vaccari, N. Antcheva, D. Scaini, S. Pacor, A. Tossi, Primate cathelicidin
orthologues display different structures and membrane interactions, Biochem. J.
417 (2009) 727–735.
[112] R.F. Epand, G.Wang, B. Berno, R.M. Epand, Lipid segregation explains selective tox-
icity of a series of fragments derived from the human cathelicidin LL-37,
Antimicrob. Agents Chemother. 53 (2009) 3705–3714.
[113] S. Sayeed, L. Nistico, C. St Croix, Y.P. Di, Multifunctional role of human SPLUNC1 in
Pseudomonas aeruginosa infection, Infect. Immun. 81 (2013) 285–291.
[114] R.M. Epand, R.F. Epand, Biophysical analysis of membrane targeting antimicrobial
peptides: membrane properties and design of peptides speciﬁcally targeting
Gram-negative bacteria, in: G. Wang (Ed.), Antimicrobial Peptides: Discovery, De-
sign and Novel Therapeutic Strategies, CABI, England, 2010, pp. 116–127.
[115] R.M. Epand, R.F. Epand, C.J. Arnusch, B. Papahadjopoulos-Sternberg, G. Wang, Y.
Shai, Lipid clustering by three homologous arginine-rich antimicrobial peptides
is insensitive to amino acid arrangement and induced secondary structure,
Biochim. Biophys. Acta 1798 (2010) 1272–1280.
[116] R.F. Epand, L. Maloy, A. Ramamoorthy, R.M. Epand, Amphipathic helical cationic
antimicrobial peptides promote rapid formation of crystalline states in the pres-
ence of phosphatidylglycerol: lipid clustering in anionic membranes, Biophys. J.
98 (2010) 2564–2573.
[117] R.F. Epand, A. Mor, R.M. Epand, Lipid complexes with cationic peptides and OAKs;
their role in antimicrobial action and in the delivery of antimicrobial agents, Cell.
Mol. Life Sci. 68 (2011) 2177–2188.
[118] R.M. Epand, R.F. Epand, Lipid domains in bacterial membranes and the action of an-
timicrobial agents, Biochim. Biophys. Acta 1788 (2009) 289–294.
2172 G. Wang et al. / Biochimica et Biophysica Acta 1838 (2014) 2160–2172[119] R.F. Epand, A. Mor, R.M. Epand, Lipid complexes with cationic peptides and OAKs;
their role in antimicrobial action and in the delivery of antimicrobial agents, Cell.
Mol. Life Sci. 68 (2011) 2177–2188.
[120] P.Wadhwani, R.F. Epand, N. Heidenreich, J. Burck, A.S. Ulrich, R.M. Epand,Membrane-
active peptides and the clustering of anionic lipids, Biophys. J. 103 (2012) 265–274.
[121] G. Wang, A. Peterkofsky, G.M. Clore, A novel membrane anchor function for the
N-terminal amphipathic sequence of the signal-transducing protein IIAGlucose of the
Escherichia coli phosphotransferase system, J. Biol. Chem. 275 (2000) 39811–39814.
[122] D. Schmidt, Q.X. Jiang, R. MacKinnon, Phospholipids and the origin of cationic gat-
ing charges in voltage sensors, Nature 444 (2006) 775–779.
[123] A.L. den Hertog, J. van Marle, E.C. Veerman, M. Valentijn-Benz, K. Nazmi, H. Kalay,
C.H. Grun, W. Van't Hof, J.G. Bolscher, A.V. Nieuw Amerongen, The human
cathelicidin peptide LL-37 and truncated variants induce segregation of lipids and
proteins in the plasma membrane of Candida albicans, Biol. Chem. 387 (2006)
1495–1502.
[124] R.F. Epand, G. Wang, B. Berno, R.M. Epand, Lipid segregation explains selective
toxicity of a series of fragments derived from the human cathelicidin LL-37,
Antimicrob. Agents Chemother. 53 (2009) 3705–3714.
[125] A. Mor, Chemical mimics with systemic efﬁcacy, in: G. Wang (Ed.), Antimicrobial
Peptides: Discovery, Design and Novel Therapeutic Strategies, CABI, England,
2010, pp. 100–115.
[126] E. Sevcsik, G. Pabst, W. Richter, S. Danner, H. Amenitsch, K. Lohner, Interaction of
LL-37 with model membrane systems of different complexity: inﬂuence of the
lipid matrix, Biophys. J. 94 (2008) 4688–4699.
[127] E. Sevcsik, G. Pabst, A. Jilek, K. Lohner, How lipids inﬂuence the mode of action of
membrane-active peptides, Biochim. Biophys. Acta 1768 (2007) 2586–2595.
[128] B. Mishra, G. Wang, Ab initio design of potent anti-MRSA peptides based on data-
base ﬁltering technology, J. Am. Chem. Soc. 134 (2012) 12426–12429.
[129] X. Li, Y. Li, A. Peterkofsky, G. Wang, NMR studies of aurein 1.2 analogs, Biochim.
Biophys. Acta 1758 (2006) 1203–1214.
[130] W. Jing, J.S. Svendsen, H.J. Vogel, Comparison of NMR structures and
model-membrane interactions of 15-residue antimicrobial peptides derived from
bovine lactoferricin, Biochem. Cell Biol. 84 (2006) 312–326.
[131] A. Munoz, B. Lopez-Garcia, E. Perez-Paya, J.F. Marcos, Antimicrobial properties of
derivatives of the cationic tryptophan-rich hexapeptide PAF26, Biochem. Biophys.
Res. Commun. 354 (2007) 172–177.
[132] R. Gennaro, M. Zanetti, M. Benincasa, E. Podda, M. Miani, Pro-rich antimicrobial
peptides from animals: structure, biological functions and mechanism of action,
Curr. Pharm. Des. 8 (2002) 763–778.[133] A.N. Ridder, S. Morein, J.G. Stam, A. Kuhn, B. de Kruijff, J.A. Killian, Analysis of the
role of interfacial tryptophan residues in controlling the topology of membrane
proteins, Biochemistry 39 (2000) 6521–6528.
[134] H. Sun, D.V. Greathouse, O.S. Andersen, R.E. Koeppe II, The preference of trypto-
phan for membrane interfaces: insights from N-methylation of tryptophans in
gramicidin channels, J. Biol. Chem. 283 (2008) 22233–22243.
[135] G. Wang, G.K. Pierens, W.D. Treleaven, J.T. Sparrow, R.J. Cushley, Conforma-
tions of human apolipoprotein E(263–286) and E(267–289) in aqueous solutions
of sodium dodecyl sulfate by CD and 1H NMR, Biochemistry 35 (1996)
10358–10366.
[136] W.M. Yau, W.C. Wimley, K. Gawrisch, S.H. White, The preference of tryptophan for
membrane interfaces, Biochemistry 37 (1998) 14713–14718.
[137] C. Zhao, T. Nguyen, L.M. Boo, T. Hong, C. Espiritu, D. Orlov, W. Wang, A. Waring, R.I.
Lehrer, RL-37, an alpha-helical antimicrobial peptide of the rhesus monkey,
Antimicrob. Agents Chemother. 45 (2001) 2695–2702.
[138] J. Jana, R.K. Kar, A. Ghosh, A. Biswas, S. Ghosh, A. Bhunia, S. Chatterjee, Human
cathelicidin peptide LL37 binds telomeric G-quadruplex, Mol. Biosyst. 9 (2013)
1833–1836.
[139] R. Bucki, F.J. Byﬁeld, P.A. Janmey, Release of the antimicrobial peptide LL-37
from DNA/F-actin bundles in cystic ﬁbrosis sputum, Eur. Respir. J. 29 (2007)
624–632.
[140] X. Zhang, K. Oglecka, S. Sandgren, M. Belting, E.K. Esbjorner, B. Norden, A.
Graslund, Dual functions of the human antimicrobial peptide LL-37-target
membrane perturbation and host cell cargo delivery, Biochim. Biophys. Acta
1798 (2010) 2201–2208.
[141] S. Morizane, K. Yamasaki, B. Muhleisen, P.F. Kotol, M. Murakami, Y. Aoyama, K.
Iwatsuki, T. Hata, R.L. Gallo, Cathelicidin antimicrobial peptide LL-37 in psoriasis
enables keratinocyte reactivity against TLR9 ligands, J. Invest. Dermatol. 132
(2012) 135–143.
[142] I. Nagaoka, H. Tamura, M. Hirata, An antimicrobial cathelicidin peptide, human
CAP18/LL-37, suppresses neutrophil apoptosis via the activation of formyl-
peptide receptor-like 1 and P2X7, J. Immunol. 176 (2006) 3044–3052.
[143] D. Yang, O. Chertov, J.J. Oppenheim, Participation of mammalian defensins and
cathelicidins in anti-microbial immunity: receptors and activities of human
defensins and cathelicidin (LL-37), J. Leukoc. Biol. 69 (2001) 691–697.
[144] F. Nylen, E. Miraglia, A. Cederlund, H. Ottosson, R. Stromberg, G.H. Gudmundsson,
B. Agerberth, Boosting innate immunity: development and validation of a
cell-based screening assay to identify LL-37 inducers, Innate Immun. (2014)
(in press).
